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Reduction of seed dormancy in Echinacea pallida (Nutt.) Nutt. by in-dark
seed selection and breeding
Abstract
Strong seed dormancy has been an obstacle for field production of Echinacea species. Previous research on
overcoming Echinacea seed dormancy has been extensive and focused on treatment methods, which involve
time and expense, and are incompatible with organic production if synthetic chemicals are used. We have
attempted to genetically reduce seed dormancy through selection and breeding in Echinacea, by
usingEchinacea pallida as a model species. Three accessions were used in this study. Nine parent plants of each
accession selected from early, in-dark germinated seeds (in-dark plants) or from late, in-light seeds (in-light
plants) were planted and grouped by accession and germination treatment method for seed production
through a polycross method. Germination tests indicated that these in-dark plants produced seed (in-dark
seed) with significantly reduced seed dormancy when tested under light or dark condition in comparison to
the seed of the in-light plants (in-light seed). Among the three accessions, the in-dark seed germinated at
much higher rates than did the in-light seed, more than 2× at 25 °C under light and up to an 83× increase in
darkness, and up to an 8× increase over the corresponding parental seed lots under comparable germination
conditions. In addition to these increases in germination, the in-dark seed showed early and synchronized
germination as compared to the in-light seed. Since these results were achieved through only one cycle of
selection and breeding, they strongly suggest that we have developed a very effective method for modifying
seed dormancy in Echinacea.
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a b s t r a c t
Strong seed dormancy has been an obstacle for ﬁeld production of Echinacea species. Previous research
on overcoming Echinacea seed dormancy has been extensive and focused on treatment methods, which
involve time and expense, and are incompatible with organic production if synthetic chemicals are used.
We have attempted to genetically reduce seed dormancy through selection and breeding in Echinacea, by
using Echinacea pallida as amodel species. Three accessionswere used in this study. Nine parent plants of
each accession selected from early, in-dark germinated seeds (in-dark plants) or from late, in-light seeds
(in-light plants) were planted and grouped by accession and germination treatment method for seed
production through a polycross method. Germination tests indicated that these in-dark plants produced
seed (in-dark seed) with signiﬁcantly reduced seed dormancy when tested under light or dark condition
in comparison to the seed of the in-light plants (in-light seed). Among the three accessions, the in-dark
seed germinated at much higher rates than did the in-light seed, more than 2× at 25 ◦C under light and
up to an 83× increase in darkness, and up to an 8× increase over the corresponding parental seed lots
under comparable germination conditions. In addition to these increases in germination, the in-dark seed
showed early and synchronized germination as compared to the in-light seed. Since these results were
achieved through only one cycle of selection and breeding, they strongly suggest that we have developed
a very effective method for modifying seed dormancy in Echinacea.
Published by Elsevier B.V.
1. Introduction
Seed dormancy, in simple terms, is a phenomenon of blocking
intact viable seeds from germinating under favorable conditions
and has been an extensively studied area in plant biology (Baskin
and Baskin, 2004; Finch-Savage and Leubner-Metzger, 2006;
Simpson, 1990). Strong seed dormancy exists in many wild and
weedy plant species and in semi-domesticated crops (Finkelstein
et al., 2008). Over the years, researchers have developed a wide
range of methods to break dormancy for promoting seed ger-
mination (AOSA, 2010). For crops that are typically propagated
vegetatively, such as tree fruits, breeders and curators often can
rely upon complex protocols to germinate their seeds. But when
seed-propagation systems are used directly in commercial crop
production, the application of dormancy breaking methods may
be inconvenient, expensive, or lead to inconsistent results.
Preparations from Echinacea species have been among the top
botanical dietary supplements in Europe and North America since
late 1980s, purportedly for general stimulation of the immune
∗ Corresponding author. Tel.: +1 515 294 3511; fax: +1 515 294 1903.
E-mail addresses: mark.widrlechner@ars.usda.gov, isumw@iastate.edu
(M.P. Widrlechner).
system and for treatment or prevention of the common cold
(Barrett et al., 2010; Woelkart et al., 2008). Contradictory labo-
ratory and clinical test results have been published regarding the
effectiveness of Echinaceaproducts (Barrett et al., 2010; Ross, 2010;
Shah et al., 2007; Woelkart et al., 2008), but they are received well
in the marketplace, and this trend seems likely to continue (Barrett
et al., 2010).
According to the classiﬁcation system by McGregor (1968), the
genus Echinacea contains nine species and four varieties, all native
to North America. Among them, Echinacea angustifolia DC., Echi-
nacea purpurea (L.) Moench, and Echinacea pallida have been the
mostwidely used as dietary supplements (Kindscher et al., 2008; Li,
1998). In recent years, E. purpurea has become the primary species
for ﬁeld cultivation and volume of product, and is also the most
researched Echinacea species, as reﬂected in a recent search of
the PubMed (National Center for Biotechnology Information, 2011)
database. This may be in part because less effort is required for its
cultivation, resulting from the fact that it displays little or no seed
dormancy in commercial seed lots (Qu et al., 2005), relatively rapid
growth, and broad adaptation to various soil types (Li, 1998). How-
ever, E. angustifoliawas the primary species initially used by Native
Americans for its medicinal properties (Volker et al., 2001), and,
through the 1920s, this species was the most prescribed medicine
made from an American plant (Foster, 1991). While the proportion
0926-6690/$ – see front matter. Published by Elsevier B.V.
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of E. angustifolia in Echinacea preparations has declined in recent
years, during the same time period, the market price of E. angusti-
folia root has beenmore than triple that of E. purpurea. For example,
dry rootswere priced at $4–6 and $14–18 per pound for E. purpurea
and E. angustifolia, respectively, in 2006 and 2007 (LeRoy Millard,
Nature’s Cathedral, personal communication). Difﬁculties in the
cultivation of E. angustifolia, due to its slower growth and strong
requirement for good soil drainage (Li, 1998), may contribute sig-
niﬁcantly to this costdifferential and limitations toﬁeldproduction.
Another notable factor that has discouraged the cultivation of E.
angustifolia is its strong seed dormancy, requiring complex proto-
cols (Feghahati and Reese, 1994) for promoting germination.
As compared to E. angustifolia or E. purpurea, E. pallida is not
widely used in dietary supplements, but research on E. pallida
has demonstrated several potentialmedicinal properties, including
anti-cancer (Chicca et al., 2007), anti-viral (Schneider et al., 2010),
and anti-inﬂammatory activities (Zhang et al., in preparation), and
thepromotion ofwoundhealing (Zhai et al., 2009). Strong seeddor-
mancy is also present in E. pallida, and treatments that are effective
for breaking dormancy for E. angustifolia have similar beneﬁts for
E. pallida (Qu et al., 2004; Sari et al., 2001).
Development of protocols to improve Echinacea seed germina-
tion has been extensive, involving the use of inorganic salts (Gao
et al., 1998), growth regulators (Bishnoi et al., 2010; Pill andHaynes,
1996; Qu et al., 2004), cold,moist stratiﬁcation (Bishnoi et al., 2010;
Bratcher et al., 1993; Parmenter, 1996; Qu et al., 2004; Romero et
al., 2005; Wartidiningsih et al., 1994), and mechanical scariﬁca-
tion (Bishnoi et al., 2010; Feghahati and Reese, 1994; Sorenson and
Holden, 1974). Without such treatments, Echinacea seeds (except
for some commercial seed lots of E. purpurea) tend to germinate
poorly and/or erratically. However, such treatments require addi-
tional time and cost, and their results may be species or seed-lot
speciﬁc.
In addition, if the treatment methods involve synthetic chem-
icals, they cannot be used by growers who produce these crops
organically.Organicﬁeldproduction is favored for botanical dietary
supplements, and trends towards organic production have been
increasing. Of methods that do not involve synthetic chemicals,
cold, moist stratiﬁcation is time consuming, requiring several
weeks under controlled conditions, and results have been uneven
(Bratcher et al., 1993; Parmenter, 1996; Qu et al., 2004; Romero
et al., 2005; Wartidiningsih et al., 1994). Light is another factor
that can be effective in promoting Echinacea seed germination
(Feghahati and Reese, 1994; Smith-Jochum and Albrecht, 1987),
and has been used both during and following cold, moist stratiﬁ-
cation (Romero et al., 2005). It is important to note that any light
requirements for seed germination present risks of seed desicca-
tion and seed loss due to wind or bird predation when seeds are
sown under ﬁeld conditions with little or no covering (Qu et al.,
2004).
Although Echinacea plants can be propagated vegetatively
(Feghahati and Reese, 1994), ﬁeld production of Echinacea for
dietary-supplement feedstocks has been solely from seed prop-
agation. Commercial E. purpurea seed lots present little or no
dormancy, displaying 82–97% germination without dormancy-
breaking treatments (Qu et al., 2005); this has been achieved
through unintended selection over repeated cycles of regenera-
tion and gradual domestication, but strong dormancy is still found
in wild populations (Qu et al., 2005). In contrast, seed dormancy
is still problematic and ubiquitous for E. angustifolia and E. pall-
ida, particularly for organic producers of these crops. Therefore,
the development of cultivars of these species with seeds possess-
ing little or no dormancy would be quite desirable. To this end,
we initiated an experiment to reduce seed dormancy in Echinacea
through artiﬁcial selection and breeding. We selected E. pallida as a
model species, because of its strong seed dormancy and relative
ease of cultivation for producing seeds, especially at our site in
Ames, Iowa, which has clay loam soils that do not drain quickly.
Herein, we report our success following this line of this research
and discuss its applications in Echinacea and other crops that may
beneﬁt from genetically reduced seed dormancy.
2. Materials and methods
2.1. Initial seed germination
Seeds used in this experiment were obtained from the USDA-
ARS North Central Regional Plant Introduction Station (NCRPIS), in
Ames, IA. In April 2009, three seed lots of E. pallida (PI 631276,
PI 631322 and PI 649036) with strong dormancy were identi-
ﬁed by examining historical germination test results (Table 1). We
germinated these seeds in a growth chamber (Conviron-CMP500,
Winnipeg, Manitoba) under light or in darkness at a constant
25 ◦C. Our experiment followed a completely randomized design,
with each treatment containing 200 seeds divided into four even
replicates. After soaking in tap water at room temperature for
15min, seeds were placed into clear, plastic germination boxes on
water-saturated blotter paper, 50 seeds per box. For the light treat-
ment, cool white ﬂuorescent lamps provided photosynthetically
active radiation at 40molm−2 s−1. Seeds subjected to darkness
were placed in the same growth chamber, but the boxes were
wrapped with aluminum foil to prevent light penetration. Germi-
nation (emergence of radicles >2mm long) was recorded daily for
the light treatment and on three occasions (days 7, 14, and 20)
under dim light for the dark treatment. Germinated seeds were
removed when counted. This procedure was completed in <1min
for each germination box. It has been reported (Qu et al., 2004)
that short exposure to light during germination evaluation has lit-
tle effect on ﬁnal germination. All tests lasted for 20 days after
initiation. After removal from the germination box, the germinat-
ing seeds were transplanted into ﬂats and grown in the NCRPIS
greenhouse for about 10 weeks before ﬁeld planting.
2.2. Selection of seeds for growing parent plants
Since it has been documented that light promotes Echinacea
seed germination, we reasoned that earlier an individual seed ger-
minated in darkness, the less that seed displayed dormancy. On the
other hand, seeds that germinated late in light are likely to have
stronger dormancy. Therefore, seedlings growing from the ﬁrst
nine, in-dark germinated seeds from each seed lot were selected
as the parent plants for producing the next generation of seeds for
evaluating dormancy reduction. And, to serve as an effective con-
trol, seedlings from the last nine, in-light germinated seeds from
each lot were also selected for seed production.
2.3. Seed production
Seed production was achieved through a polycross method. The
selected E. pallida seedlingswere transplanted into the ﬁeld in June
2009 at the NCRPIS farm. The ﬁeld soils are classiﬁed as a silty clay
loam. The seedlings were grouped by accession and germination
treatment method. Each group of nine plants was planted in sep-
arate beds with 60 cm in-row spacing and 45 cm between rows.
The plants did not ﬂower in 2009 and overwintered well in the
ﬁeld without losses. In early June 2010, the beds were individually
caged (Widrlechner et al., 1997). When ﬂowers were ready for pol-
lination in about mid-June, honeybee nucleus hives were placed in
the cages to effect pollen transfer among plants. Seed heads were
harvested in late August 2010, when seeds were fully mature (seed
color turned brown), and placed in paper bags at room temper-
ature for about 2 months before seed processing. All seed heads
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Table 1
Historical germination results (in %) of the parental seed lots of E. pallida used in this experiment.
Treatment Seed lots
PI 631276-00ncai01 PI 631322-00ncai01 PI 649036-04ncai01
Ethephon, light 25 ◦Ca 56 (2001) 64 (2001) 39 (2005)
Light, 20/30 ◦Ca 22 (2002) 5 (2002) No test
a Germination test duration was 20 and 12 days, respectively.
from each group of nine plants were pooled together. After thresh-
ing and cleaning, seeds were stored for about 4 months in an ofﬁce
(at ∼20 ◦C and 50% RH) in paper bags before germination testing.
2.4. Seed germination of samples produced in 2010
Germination testing of E. pallida seeds harvested in 2010 was
conducted in March 2011. Basic germination conditions and treat-
ment methods were the same as those described for the initial
experiments. However, for these samples, we tested 300 seeds
from each seed lot, placed into three germination boxes with 100
seeds each as replicates. In addition, for seed lots from PI 631322
and 631276, the 2010 samples were also germinated in a growth
chamber under 12h alternating temperatures of 20/30 ◦Cwith con-
tinuous light, for a comparison to germination test conditions used
historically for tests of the parental seed lots (Table 1). For this
round of tests, seed preparation was the same as described earlier,
except that 99 seeds were used and divided into three replications.
For data analysis, germination percentages were normalized
by transformation (arcsin
√
%) before being subjected to analysis
of variance, following the methods of Wartidiningsih and Geneve
(1994).
3. Results and discussion
We experienced severe, unfavorable weather conditions in
Ames, IA during the 2010 growing season, with excessive precip-
itation that led to atypically saturated soils, high humidity, and
reduced sunlight. However, our E. pallida selections were little
affected by the unfavorable weather and grew relatively well in
2010, suggesting that this species can tolerate wet, poorly drained
soils. All nine plants of each treatment groupﬂowered and set seeds
that matured well by the time of harvest.
3.1. In-light germination
Test results for 2010 intermated seed lots are presented in
Table 2. Signiﬁcant germination differences were observed among
these lots. Seeds resulting from the intermating of in-dark selected
plants (in-D seed) germinated to amuchgreater degree thandid the
seeds produced by the intermating of in-light selected plants (in-L
seed). At 25 ◦C with light, the in-D seeds germinated at between
1.7 and 2.0× the level of the in-L samples. Differences were even
more notable in tests run at 20/30 ◦C, where in-D selection led to
more than a 3× increase in germination. When germination of the
2010 in-D seed on day 12 after germination initiation was com-
pared with 2002 tests of their corresponding parental seed lots
under 20/30 ◦C conditions, the increases were striking for both PI
631276 at 2.7× (60/22) and for PI 631322 at 8× (40/5) (Table 1,
also see Figs. 1 and 2). No comparative test could be conducted
for the 2010 seeds of PI 649036 at 20/30 ◦C, because no data
had been collected under these conditions for the parental seed
lot of this accession due to the limited number of seeds initially
obtained.
Themarked increase in seedgermination for the2010 in-Dseeds
over the in-L seeds indicates that a single cycle of in-dark germina-
tion selection can be effective in selecting genotypes with reduced
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Fig. 1. Daily cumulative germination of 2010 in-dark (in-D) and in-light (in-L) seed
lots of Echinacea pallida accession PI 631276, PI 631322, and PI 649036 at 25 ◦C with
light.
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Fig. 2. Daily cumulative germination of 2010 in-dark (in-D) and in-light (in-L) seed
lots of Echinacea pallida accession PI 631276 and PI 631322 at 20/30 ◦C with light.
dormancy under light. This strongly suggests that this trait is highly
heritable in these accessions of E. pallida, although perhaps to vary-
ing degrees.
When comparing test results for seed lots harvested in 2010
with 2009 test results for the corresponding 2000 and 2004
parental seed lots under 25 ◦C conditions with light, the 2010 in-D
seed germinated at 122% and the 2010 in-L seed at 66%, respec-
tively, of the parental seed lot of PI 631276, at 125% and 63%,
respectively, for PI 631322, and at 71% and 56%, respectively, for
PI 649036 (Table 2).
The comparison of germination of the 2010 seeds with the 2009
results of the parent seed lots may seem puzzling, especially for
PI 649036, for which the in-D seed germinated at an even lower
percentage than did the parental seed lot (Table 2). However, the
relatively high germination of parental seed lots in the 2009 test
was very likely due to dormancy breaking by after-ripeningmecha-
nisms (Bazinet al., 2011; Finch-SavageandLeubner-Metzger, 2006;
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Table 2
Germination comparison (in %) among seed lots of three Echinacea pallida accessions.
Treatment Accession Seed Lot
2000 (parent) 2004 (parent) 2010 in-Dd 2010 in-Lc
Light, 25 ◦C PI 631276 76 bb 93 a 50 c
PI 631322 67 bb 84 a 42 c
PI 649036 65 aa 46 b 29 c
Dark, 25 ◦C PI 631276 37 ab 25 a 0.3 b
PI 631322 31 ab 36 a 4 b
PI 649036 20 ab 4 b 2 b
Light, 20/30 ◦C PI 631276 73*** 23
PI 631322 54*** 14
a Within row mean separation as indicated by lower-case letters determined by Duncan’s multiple range test, P<0.01.
b Within row mean separation as indicated by lower-case letters determined by Duncan’s multiple range test, P<0.0001.
c Seeds from parent plants grown from in-light (in-L) selected seeds.
d Seeds from parent plants grown from in-dark (in-D) selected seeds.
*** Within row mean separation by t-test, P<0.001.
Finkelstein et al., 2008) during storage. This is regularly observed
in Echinacea and accessions of other Asteraceae, such as Calendula
(Widrlechner, 2007), conserved at the NCRPIS. In this case, a reduc-
tion in dormancy during the course of storage is well supported by
historical germination test results conducted over the lives of these
parental seed lots.
Shortly after harvest, the germination was only 56% for PI
631276, 50% for PI 631322, and 39% for PI 649036 after the
seeds were treated with ethephon to promote seed germination
(Table 1).
The effectiveness of ethephon in promoting E. pallida and E.
angustifolia seed germination has been well documented (Qu et al.,
2004; Sari et al., 2001). Germination tests conducted on these same
seed lots of PI 631322and631276at20/30 ◦Cconditionsunder light
without using ethephon, about 18months after harvest, resulted in
values of 5% and 22%, respectively (Table 1). These percentages are
much lower than the 2010 seed lots (40% for 631322 and 60% for
PI 631276) under similar germination conditions (Fig. 2). There-
fore, the 2009 test results have little direct value in evaluating
the effectiveness of selection, other than to provide information
on dormancy reduction of the parental seeds during storage. No
further comparison to the 2009 germination results will be given
herein.
Under 20/30 ◦C conditions, the 2010 in-L seeds germinated even
less than did the parental seed lots on day 12 after test initiation:
7% vs. 22% for PI 631276 and 1% vs. 5% for PI 631322 (see Fig. 2).
This indicates that our late, in-light selection of seeds with strong
dormancy is very effective.
3.2. In-dark germination
Under in-dark test conditions, differences between the 2010 in-
D and in-L seeds were even greater than observed when tested
in light. There was a two-fold increase in germination rates for PI
649036 to more than 9 and 80-fold increases for PI 631322 and PI
631276, respectively (Table 2).
The increase of seed germination under darkness was a major
goal when we designed these experiments. Because long storage
prior to testing can also signiﬁcantly increase in-dark germination
as discussed earlier, we initially had concerns that selection effec-
tiveness could be impaired due to the early germination of seeds
that otherwise would not germinate quickly if newly harvested
seeds were used. Although we cannot partition the differences that
weobserved among thesedifferent factors, the results demonstrate
that our selection method is extremely promising for the in-dark
germination trait, and its effects may be further enhanced by using
freshly harvested seeds for parent plant selection.
Table 3
Germination comparison (in %) between 2010 in-dark (in-D) and in-light (in-L) seed
lots of E. pallida PI 631276 and PI 631322 under different temperature regimens.
Seed lot Accession Treatment
Lt, 25 ◦C Lt, 20/30 ◦C
2010 in-D PI 631276 92* 73
PI 631322 84** 54
2010 in-L PI 631276 50** 23
PI 631322 42*** 14
* Within row mean separation by t-test: P<0.05.
** Within row mean separation by t-test: P<0.01.
*** Within row mean separation by t-test: P<0.001.
3.3. Comparison of overall germination under different conditions
Both the 2010 in-D and in-L seeds germinated better at 25 ◦C
than they did at 20/30 ◦C (Table 3). The constant 25 ◦C tests
increased overall germination by 20–30%. We compared these two
regimens primarily because the historical germination tests had
been conducted at 20/30 ◦C, the AOSA (2010) standard Echinacea
temperature regimen. The higher germination of the 2010 seed
lots under 25 ◦C and the larger germination difference between
in-D and in-L seeds under 20/30 ◦C than under 25 ◦C condition
(Table 2) not only indicate that 25 ◦C is a more suitable temper-
ature for E. pallida seed germination than is the 20/30 ◦C regimen
but also demonstrate that the in-D seed tolerate this unfavorable
germination environments (20/30 ◦C) better than do the in-L seed.
It is unclear at this time whether the lower (20 ◦C) or the higher
(30 ◦C) temperature, or the interaction of both, led to suboptimal
germination results in our experiment.
3.4. Rate of germination
Early, synchronized seed germination is a very favorable char-
acteristic in crop production, since it reduces the opportunity
for seeds to experience unfavorable environmental conditions in
the ﬁeld before germination (Bewley, 1997). It also leads to uni-
form stand establishment that better facilitates ﬁeld management
and the possibility of longer overall growing seasons (Taylor and
Harman, 1990). In Echinacea, seed stratiﬁcation under moist, cool
conditions has been used to accelerate and synchronize germi-
nation (Romero et al., 2005) in addition to its use for dormancy
breaking per se. Rapid, synchronized germination is also a beneﬁ-
cial outcome of our selection and breeding experiment. In addition
to higher total germination, germination was signiﬁcantly earlier
for in-D seeds than for in-L seeds (Figs. 1 and 2). On day 12 after
initiation, 81% of the PI 631276 in-D seeds germinated at 25 ◦Cwith
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light, but only 24% of the in-L seeds had germinated. For PI 631322,
the numbers were 59% and 14%, respectively. The difference was
even larger at 20/30 ◦C, at 60% and 7%, respectively, for the in-
D seeds of PI 631276, and at 40% and 1% for the in-D seeds of PI
631322.
3.5. Rationale and prospects for future research
Recently, breeding for reduced post-harvest seed dormancy has
been conducted in switchgrass (Panicum virgatum L.) with signiﬁ-
cant progress in reducing the degree of dormancy being reported
after four cycles of selection (Burson et al., 2009). In the switchgrass
research, parent plants were obtained by selecting the earliest ger-
minating seeds under 12h light. Although no speciﬁc underlying
mechanisms were given, Qu et al. (2004) suggested that because
Echinacea seeds in full dormancy cannot germinate either in light
or darkness but that light can promote germination, so seed that
can germinate in darkness should have no dormancy or that dor-
mancy has been completely released. By this reasoning, if seeds can
germinate in dark immediately after ripening, they have the low-
est or no dormancy. Comparing to the parent seed lots, the very
high germination achieved in this experiment with the in-D seeds,
especially for PI 631276 and PI 631322, suggest that our method of
selecting parental plants through choosing seeds that germinated
early in darkness is very effective in E. pallida. Considering that the
original seed lots used for this selection experiment were about
9 years old and the reduced dormancy during storage might have
deceased the power of selection, using fresh seed for selection may
be even more effective.
As we look to reﬁne and expand this line of research, we
should also note that our selection intensity for selection during
in-dark germination was 4.5% (9/200). If the very ﬁrst germi-
nated seeds can be effectively identiﬁed from even larger samples,
increased selection intensity may further reduce dormancy and
increase early germination. One can avoid generating too small
a selected population via increased selection intensity [and the
potential for future interference by inbreeding depression or self-
incompatibility (Stephens, 2008)] by starting with even larger seed
samples for germination. After a few more cycles of selection and
breeding, following the general principles of recurrent selection
(Fehr, 1987), this approachwould behighly likely to generate geno-
types of E. pallida with very low levels of seed dormancy.
Considering the ease of interspeciﬁc hybridization (McGregor,
1968), and evidence of little phylogenetic differentiation (Flagel
et al., 2008) within the genus Echinacea, not to mention the success
of unintentional selection in generating genotypes of E. purpurea
(Qu et al., 2005) with little or no seed dormancy, we believe that
our selection method with E. pallida will likely be successful when
applied to other species, including the problematic, commercially
important species, E. angustifolia. This selection method could also
be extended to other crop species that have undesirably strong
levels of seed dormancy whenever germination is promoted by
exposure to light.
In conclusion, researchonovercomingEchinacea seeddormancy
typically focuses on ﬁnding effective treatment methods, which
always require time and resources, and may not always produce
consistent results. Ultimately, the development and use of geno-
types that lack seeddormancy caneffectively avoid theseproblems.
Our results indicate that selection of the earliest seeds to germi-
nate in darkness is a very effective strategy in E. pallida. Plants
grown from these seeds produced seeds with signiﬁcantly reduced
dormancy under both light and dark conditions, suggesting high
hertitability of this trait in Echinacea. This selection method, fol-
lowed by seed production in isolation, is a simple procedure that
can readily be used by both Echinacea growers and researchers.
Acknowledgements
The authors wish to thank Jeffrey Carstens and Nathan Johnson
for their assistance in managing plants in the greenhouse and ﬁeld,
andMaria Erickson andDavid Kovach for their assistancewith seed
germination tests.Weare also grateful toDrs. KathleenDelate, Can-
dice Gardner, Robert Geneve, Hector Perez, and two anonymous
reviewers for their useful critiques of an earlier draft of this report.
This journal paper of the Iowa Agriculture and Home Economics
Experiment Station, Ames, Iowa, Project No. 1018, was supported
by Hatch Act and State of Iowa funds, and the research described
herein was supported by Award Number P5AT004155 from the
National Center for Complementary & Alternative Medicine. The
content is solely the responsibility of the authors and does not
necessarily represent the ofﬁcial views of the National Center for
Complementary&AlternativeMedicineor theNational Institutesof
Health.Mention of commercial brand names does not constitute an
endorsement of any product by the U.S. Department of Agriculture
or cooperating agencies.
References
Association of Ofﬁcial Seed Analysts (AOSA), 2010. Rules for Testing Seeds. Associa-
tion of Ofﬁcial Seed Analysts, Ithaca, NY.
Barrett, B., Brown, R., Rakel, D., Mundt, M., Bone, K., Barlow, S., Ewers, T., 2010.
Echinacea for treating the common cold: a randomized trial. Ann. Intern. Med.
153, 769–777.
Baskin, J.M., Baskin, C.C., 2004. A classiﬁcation system for seed dormancy. Seed Sci.
Res. 14, 1–16.
Bazin, J., Batlla,D.,Dussert, S., El-Maarouf-Bouteau,H., Bailly, C., 2011. Roleof relative
humidity, temperature, and water status in dormancy alleviation of sunﬂower
seeds during dry after-ripening. J. Exp. Bot. 62, 627–640.
Bewley, J.D., 1997. Seed germination and dormancy. Plant Cell 9, 1055–1066.
Bishnoi, U.R., Willis, J.E., Mentreddy, S.R., 2010. Methods to improve seed germina-
tion of purple coneﬂower (Echinacea purpurea (L.) Moench). Agric. Biol. J. N. Am.
1, 185–188.
Bratcher, C.B., Dole, J.M., Cole, J.C., 1993. Stratiﬁcation improves germination of ﬁve
native wildﬂower species. HortScience 28, 899–901.
Burson, B.L., Tischler, C.R., Ocumpaugh, W.R., 2009. Breeding for reduced post-
harvest seed dormancy in switchgrass: registration of TEM-LoDorm switchgrass
germplasm. J. Plant Reg. 3, 99–103.
Chicca, A., Adinolﬁ, B., Martinotti, E., Fogli, S., Breschi, M.C., Pellati, F., Benvenuti, S.,
Nieri, P., 2007. Cytotoxic effects of Echinacea root hexanic extracts on human
cancer cell lines. J. Ethnopharmacol. 110, 148–153.
Feghahati, S.M.J., Reese, R.N., 1994. Ethylene-, light-, and prechill-enhanced germi-
nation of Echinacea angustifolia seeds. J. Am. Soc. Hortic. Sci. 119, 853–858.
Fehr, W.R., 1987. Principles of Cultivar Development, vol. 1: Theory and Technique.
Macmillan, New York.
Finch-Savage, W.E., Leubner-Metzger, G., 2006. Seed dormancy and the control of
germination. New Phytol. 171, 501–523.
Finkelstein, R., Reeves, W., Ariizumi, T., Steber, C., 2008. Molecular aspects of seed
dormancy. Annu. Rev. Plant Biol. 59, 387–415.
Flagel, L.E., Rapp, R.A., Grover, C.E., Widrlechner, M.P., Hawkins, J., Grafenberg, J.L.,
Álvarez Fernández, I., Chung, G.Y., Wendel, J.F., 2008. Phylogenetic, morpholog-
ical, and chemotaxonomic incongruence in the North American endemic genus
Echinacea. Am. J. Bot. 95, 756–765.
Foster, S., 1991. Echinacea: Nature’s Immune Enhancer. Healing Arts Press,
Rochester, VT.
Gao, Y.P., Zheng, G.H., Gusta, L.V., 1998. Potassium hydroxide improves seed germi-
nation and emergence in ﬁve native plant species. HortScience 33, 274–276.
Kindscher, K., Price, D.M., Castle, L., 2008. Resprouting of Echinacea angustifolia aug-
ments sustainability of wildmedicinal plant population. Econ. Bot. 62, 139–147.
Li, T.S.C., 1998. Echinacea: cultivation and medicinal value. HortTechnology 8,
122–129.
McGregor, R.L., 1968. The taxonomy of the genus Echinacea (Compositae). Univ.
Kansas Sci. Bull. 48, 113–142.
National Center for Biotechnology Information, 2011. PubMed database.
http://www.ncbi.nlm.nih.gov/pubmed/ (accessed on 3 May 2011).
Parmenter,G.A., 1996. Chilling requirementof commercialEchinacea seed.NewZeal.
J. Crop Hort. 24, 109–114.
Pill, W.G., Haynes, J.G., 1996. Gibberellic acid during priming of Echinacea purpurea
(L.) Moench seeds improves performance after seed storage. J. Hortic. Sci. 71,
287–295.
Qu, L., Wang, X., Chen, Y., Scalzo, R., Widrlechner, M., Davis, J., Hancock, J., 2005.
Commercial seed lots exhibit reduced seed dormancy in comparison to wild
seed lots of Echinacea purpurea. HortScience 40, 1843–1845.
Qu, L., Wang, X., Yang, J., Hood, E., Scalzo, R., 2004. Ethephon promotes germination
of Echinacea angustifolia and E. pallida in darkness. HortScience 39, 1101–1103.
L. Qu, M.P. Widrlechner / Industrial Crops and Products 36 (2012) 88–93 93
Romero, F., Delate, K., Hannapel, D.J., 2005. The effect of seed source, light during
germination, and cold-moist stratiﬁcation on seed germination in three species
of Echinacea for organic production. HortScience 40, 1751–1754.
Ross, S.M., 2010. A standardized Echinacea extract demonstrates efﬁcacy in the pre-
vention and treatment of colds in athletes. Holist. Nurs. Pract. 24, 107–109.
Sari, A.O., Morales, M.R., Simon, J.E., 2001. Ethephon can overcome seed dormancy
and improve seed germination in purple coneﬂower species Echinacea angusti-
folia and E. pallida. HortTechnology 11, 202–205.
Schneider, S., Reichling, J., Stintzing, F.C., Messerschmidt, S., Meyer, U., Schnitzler,
P., 2010. Anti-herpetic properties of hydroalcoholic extracts and pressed juice
from Echinacea pallida. Planta Med. 76, 265–272.
Shah, S.A., Sander, S.,White, C.M., Rinaldi, M., Coleman, C.I., 2007. Evaluation of Echi-
nacea for the prevention and treatment of the common cold: a meta-analysis.
Lancet Infect. Dis. 7, 473–480.
Simpson, G.M., 1990. Seed Dormancy in Grasses. Cambridge University Press, New
York.
Smith-Jochum, C.C., Albrecht, M.L., 1987. Field establishment of three Echinacea
species for commercial production. Acta Hort. 208, 115–120.
Sorenson, J.T., Holden, D.J., 1974. Germination of prairie forb seed. J. Range Manage.
27, 123–126.
Stephens, L.C., 2008. Self-incompatibility in Echinacea purpurea. HortScience 43,
1350–1354.
Taylor, A.G., Harman, G.E., 1990. Concepts and technologies of selected seed treat-
ments. Annu. Rev. Phytopathol. 28, 321–339.
Volker, S., Rudolf, H., Tyler, V.E., 2001. Rational Phytotherapy: A Physician’s Guide
to Herbal Medicine. Springer, Berlin.
Wartidiningsih, N., Geneve, R.L., 1994. Seed source and quality inﬂuence germina-
tion in purple coneﬂower [Echinacea purpurea (L.) Moench.]. HortScience 29,
1443–1444.
Wartidiningsih, N., Geneve, R.L., Kester, S.T., 1994. Osmotic priming and chilling
stratiﬁcation improves seed germination of purple coneﬂower. HortScience 29,
1445–1448.
Widrlechner, M.P., 2007. While they were asleep: do seeds after-ripen in cold stor-
age? Experiences with Calendula. Comb. Proc. Int. Plant Prop. Soc. 56, 377–382.
Widrlechner, M.P., Abel, C.A., Wilson, R.L., 1997. Ornamental seed production
in ﬁeld cages with insect pollination. Comb. Proc. Int. Plant Prop. Soc. 46,
512–516.
Woelkart, K., Linde, K., Bauer, R., 2008. Echinacea for preventing and treating the
common cold. Planta Med. 74, 633–637.
Zhai, Z., Haney, D.M., Wu, L., Solco, A.K., Murphy, P.A., Wurtele, E.S., Kohut, M.L.,
Cunnick, J.E., 2009. Alcohol extract of Echinacea pallida reverses stress-delayed
wound healing in mice. Phytomedicine 16, 669–678.
